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Abstract 

• • /tc? n manifested for Shuttle Flight STS-44 in 
The first Tethered Satellite System mission (TS i - to eng i n eers, requiring advanced 

January of 1991. The TSS mission pr example current navigational systems track the 

guidance, navigation and control concepts. induced by the tether on the Shuttle. Due to 

Orbiter exclusively and do not model the acceleratio tha ^f th e Shuttle, the navigational system 
the offset of the center of mass of the system the system. This offset can 

ar^ul^determination of the navigational state of the 

Shuttle becomes more difficult and less certain. 

Current NASA flight rules require that the na ”| ^g“ t Ii e °crew ^thiTcomhngency may involve 

ri^mplete retrieval. This paper examines the degradation of the 
navigational state accuracy as modelled by Shuttle navigation systems. 

Responses to the loss of communication The second case is identical 

Comparisons of trajectories at" vLiSpoints during the 

ephemeris state-vector were ground uplinks were provided 

mission. Additionally, updates to the onboard the onboard navigation 
prior to the assumed loss of communication. Th g e ff orts t0 minimize this error during 

state error was determined. Alternativerespon^ resu ^ s demonstrated existing NASA flight rules 

c"e“vi P oS by T cu«ing tS! and suggests responses to a loss of communications 
contingency to maintain a more accurate navigational state. 
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Introduction 

foV h STS Z'. innate January, n ° W " iS sch ' d “'' d 

radial direction on a conducting tether during the ^.r^T ,‘h Z n ° m,nal, y outward 
mission (TSS-1). The satellite is designed by fn Italian Ll Satel,ilC Systcm 

Primary objectives for the mission are rt/denJl , . acr ? s P ac e company, Aeritalia. 
tethered object, and to examine the heh* • °nstrate closed loop control of a 
through the Earth's magnetic field. V10F ° f 3 current carr ytng tether passing 

that of th e y Orbiter. Fo* a^fweMy "kilometer IongTethl "th” ° f lhe SyStCm 3Way from 
as 100 meters. Additionally, the presence of the teth!^ Sep3rat, ? n can be . « great 
continually experienced by the Shuttle a force ,n 3 tens i° n force 

ground-based nav, gal ,on,l syLmf lnboard Shuur AbH^ S U ”? M Sh ““'‘ 

Measurement Units (IMUsl detect .e»he.- i pnuttle. Although the Inertial 

the noise thresholds. Therefore this data thCSC accclerations are within 

These two facts make navigation difficult When P ,h d f 0 " UlC nav, g at, °nal systems, 
a cut or break of the tefher the Sh, iie' c I- i f ° rCC ,S Sudden,y removed, as in 
mass returns instantly to the Shuttle The onboard angCS ’ . 3nd thc s y stem center of 
the removal of the tether, resulting in rapid navigatS^ate ^egra^ation! 111 ^" 6 ° f 

communications wh^ VounY baYed sy^tems^^Th^ erod'd Wing - * tCthCr Cut ’ given 
to determine the new orbit of the Shuttle then H f. ? und nav, g atl °n systems are able 
onboard systems. Shuttle navigadon ^ proceeds as ift ^ reSCtting lhe 

a loss of communications contingency however ! n * W3S nevcr presem - In 
unavailable to onboard systems. 8 " evcr * an accurate updated state is 

Additionally, Yespinses a ToYT" 8 ? ‘° • rCn,oval of thc tether, 

minimize navigational error. 88 ° f commun, cations in an effort to 

unsatisfactor/lyY as^ no^n^nTYYn" 8 be ‘^oWded^ Effom^r SySt6mS perform 
navigational error growth result in responses' tn E ? ? minimize onboard 
contingency. Navigation performance is^mn^ a OSS ° f comra unications 
reeling in the tether "as muchT “e by 

Shuttle Tethered^Objm ^nntrof 3 sfraulati?^ (STOCS^^^h simulations: Th e 

simulation of the TSS-1 mission (Reference n ST ^ CS ci, 3 , h,gh f,dcl,t y engineering 
Simulation for Orbit and Rendezvous (SENSORS ^ ShU l? C J Environment Navigation 

(Reference 2); and the Standafone^ ZsOnIvZ''^ 011 

system emulator (Reference 31 An f " . (SONAV ) program, a ground 

Predictor/Estimator (HOPE). HOPE was used* nril l°° S thC Houston Operations 
in the absence of tether' acceTerluL? (ZLncc t" ^ " Pr ° Paga ‘° r ° f ShUU,e 81316 

E ffect of Tether on Shuttle Navigation Sv«f r m s and state 

^YeTeYation^fmparted 5 ^ 6 ™^ tetYeY^ter ^ “°* m ° de ‘ thc 

gravity gradients, and the aerodynamic and eLctroS^amic drag ^te^teTher " T^ 
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gravity gradient accelerations are dominant of these three. Because the existing 

least-squares reduction of the observation data results in a state vector tor mat po 
least square* gradient accelerations are zero. This point is 

on inertial navigation. 

~2£v5 

to the navigational systems. These forces are tnereiorc 
onboard state propagation. 

- ST1T4S * f -£53 Hr: 

uplink during .he onsiai.on pomon of the J when .he 

ssr* r£ c drr on^of pS' rs 

of mass remains relatively constant, as it does curing 1 rbit( T r • h grcatcr 

“ rrs^r^r.. — 

changing. 

flffpnval of the Tethai 

once again generates state vectors for the center of mass o t e 

=H 

-s. sS 

Targe" SjSSS P^|^1£"e^ ireS DSg 

— »ard navigation 

error becomes excessive (Figure 3). 
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Figure 1: Comparison of Ground System vs. Simulated Trajectories 


s s', , o , 

time (SEC.) ° i°j- ( 

Figure 2: Tether Length Profile for Nominal and Electrodynamic Missions 





.Simulati o n of a Cut TethCI 

Two mission profiles were considered in the study of 

response. The Shuttle was in an local vert ca. ( ^ L "J 

for both profiles, with a constant pitch angle of 25 degrees, zero y 

The first profile, considered a nominal case assu “ cs “cnSTlo ^ first, ^wfth the 
P = g le" on=- po^ns S T d the mission. 

A propagation of a Shuttle sme- v ector served as^a p^d^th* 

environmental ' accefe^ons. hut wi, hou, ^tether t^Joree. ^ Assumptions 

the^boom 3£ *%£ T«“ oTa, the boom tip. the dynamic behavior of recoiling 

tether need not be considered. 

An additional assumption pertains to the change in energy a of 

assumed a negligible amount of tether ' 1 ? er 8'' delated forces of the Shuttle state- 

vectof ,s‘ h : itud^imuETr ". Furthermore. in the STOCS generated trajectories 


'The LVLH coordinate system is a right-handed ^insta^T^te *u's h o'rbit^ 

aais pointed toward Renter of m^ ^ ^ and velocity 

veemrs. ta tlj order. The X axis is mutually otthogonal to the Y and Z axes. 
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presented here, a massless tether was tkjo 

tether energy from sources such wave transmission. SSUmpt,0n ne S ,ects transmitted 

ge°nenc WaS S pac: d cra a f S t ‘^eX^^naW.aTor" 0 " ,° f •**** * a 

performance of new trajectory generation or g-™ 1 ’ “ tUized to measure 

propagator does not modil teSer-1nduced a r^u nav,gat, ° n software. The HOPE 
atmospheric, and solar radiation models aImT* 110 !*’ bUt d ° CS ■ have g eo P° ten tial, 
door timelines characteristic of TSS-1 mission call'^ incl^ed 5 ’ atUtUde ’ and pa y load 

splicing 5 the STOC^s^multted 18 tra^ecfor^ and^he^Dro 66 " CUt C “ be f0rmed by 
trajectories were used for this study propagation. These spliced 

R esponses to a Loss of Commimi ri l tion rnntin ffn r y 

With some insight into the systems navigating the Shuttle „ am - • 
communications scenario becomes nossible na«a rv , J>l,ut 1 t,c * examining a loss of 

a limit on the navigation^ ^ un^natav a d«L ml .. ° <Ref ' r ‘"“ *> »=« 

state error at deorbit must not exceed 20 S,5": .. " f a,es lh ‘ navigational 
kilometers). Additionally, it states for the * f CS ( a PP rox, mately 37.039 

communications, designers are fo assuml it wMl LT'!^ d f rbh with ,oss of 
appropriate landing site. takc four revol «tions to find an 

mtum. T partialretrieval “ * ' 0SS ,° f ““"■“"inationa: immediate cut and 

prior to cut and Jetum ’ * COm|,le “ mri ' vil «, a tether length hold 

maximum "Aether Eg? TT' ^T*' ^ 

I'ZtCT?: F^/^UVre '£'*+. of « (“e'madef" 

* '* tnereiore this option is not considered here. 

I mmed i ate Cut Resnons* 

L Vig of BS f b T ,ht •» tnvolntions following the 

absence of tether accelerations using a STOrs^t propagat,n * **“« Shuttle state in the 
Shuttle. The identical prowis waf then 5tatc * vc « or ■■ ‘he initial state of the 
by the onboard systems simulator SENSOR ,h Sm ? 3 state - vector determined 

‘he resulting trajectories ^ ^223°** Ant dif er J OUr rCV ° 1Uti ° n P ro P a g atio ". 
navigational state error of the onboard systems The timP Tecordcd as the 

incremented in fifteen minute steps. ^ CmS ' ThC timC ° f the tcther cut was 

Ffgure aV 4 ,8aU T n hi dau shot^ rZ^, dUri " g thc nominaI mission appears in 

periods. The ^ navigational ^ ^ thc ^ orbital 

not violated. The maximum error occurs af the Tnse?' of .h Fhght RU ‘ C 4 ‘ 5 ° is 

reflecting the effect of the svstem r thC onset . of ‘h c onstation portion, 

center of mass on Shuttle navigation. After 3^7 fr0m . thc Shutt,c 

rr riL,mr ,io \=?o„V".cr “ « ™ sss 

biases and smail perturbaiive forces. F^rmoTTm Sl^dgSHTta 
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the first reel in of the retrieval phase of the mission (approximately 53,000 seconds to 
gOoSo seconds) Because the two centers of mass are approaching each other, 
ligationaT performance improves in the absence of perturbing accelerations. 



A - W 


Figure 4: Nominal Mission Navigational Error After 4 Revolutions 

Figure 5 shows the onboard navigations, ^peNormanc^duri^^a mission wUh 

current flouting through the tether kilometers (at an approximate mission elasped 

iL^f WiLT : 7 jsssr-s s 

rstan, A observ a a,io U n P ar MasT'tT navigational state error fo« revo.uUons afmr the 

dia 1 — g^j t„ 

likely this situation could occur during the course ot me 
immediate cut and deorbit response is inappropriate for lbb-i. 

The presence of perturbing accelerations induced b, , the tether cause the onboard 
state to quickly degrade. Similar to tje nomina profile, ™ upHn P k in the 

in onboard navigational performance during navigational error begins to grow, 
middle of the onstation phase, however, the « Figure 8 6) cause the 

unlike the nominal case. t * H hit roU a nd yaw deadbands, increasing 

srtWv sst s « « 

period. Because the 
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Shuttle's trajectory is inclined with respect to the magnetic field fines, the lethe 
electrodynamic force contains a component perpendicular to the Shuttles orbital 
n lane At full deployment, the librations are relatively small and benign. As the 

Ser length* 1 decreases, however, these librations increase in amplttude. resulting 

in more frequent RCS deadbanding. 

Partial Ret rieval and Cut 

In a partial retrieval, followed by a tether cut. the tether is ““med to be reel ed in 
retrieval. 

In Figure 7. navigational error data show negation.. 

cutting* T^rS'uSr^reienS^'^.trJu.. [in which the onboard 

=rr. « 

STKLT, S-SS ^revolutions. or 8.75 hilometers 
per revolution. 



LENGTH OF TETHER AT CUT 

Figure 7: Accumulated Navigational Error After Partial Retrieval 


NAV ERROR 
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satellite iweeled in^he bmeT"he’ navlgfdonal 31 improves ' Th e closer the 

kilometers, the final navigation error is 8 aDDroxima^ f< J nn T^ CC l i At 3 tCther lcngth of 3 
limils set by the NASA flight rule A 22 kl j? met ' rs . W 'U within the 

S> for a partial retrieve to a final ' tether S H r ‘° Flg,,re 8 appears ta Fi «“ re 
error growth rate after the tether „ fs" close N °" the "=vi g a.i„„al 

approximately 8.75 kilometers per revolution tL ?„ h f 30 ,mnicdiate cut, 
during the retrieval portion of 1„ * ‘ ncrcasc ,n Performance occurs 

navigational error growth rate. r «ponse, due to the relatively slower 

Tether Length HniH Prior m rm 

Io,hing mP ' e hTh? , TslS r 'S Se 10 . a ,oss ° f communications contingency is to do 

constant, and cutting L™ r t’V'ta? 2"Z ,h ' ''‘ h " 

preparation must begin. 3St poss,ble moment before deorbit 


s™n.f[c C r,y'u h „:i, ^rXr^^Z'T/orbi. 8 ^: 5 ' f °*T «* 

propagate Shuttle state more accurately n..J ?' )** 0 ” board navigational systems 
response, a double failure™ m“chTss likePy The s' , 0|X!ra,il>nal sim P>'™y of this 
used minimally, and i, is less likely something else wS go* 3°"'"® ‘ h ' '" her 

by ' a 0 teth eP'cut W * 3 ™<— “d followed 

occur just prior to an uplink m the „idm' '7,h ™T“"i“lions was assumed to 
? unng this response is kilomete^ ^ .TS? sSTy *** «« 



Figure 8: Electrodynamic Mission Navigational Error Growth - Cut at 20 km 
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Figure 9: Electrodynamic Mission Navigational Error Growth - Cut at 3 km 
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Conclusions 


zZTLtLr s zTs\L ih [z::, ‘ii: rr 0 jr m z ss ^ 

Je'forma" cel' provid'd" exisLfnig^T'^cs °2T£ vfotw ° "‘TT 3 ' 
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